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MICROARRAY FABRICATION TECHNIQUES 
AND APPARATUS 

This invention claims the bene?t of priority to US. 
Provisional Application No. 60/183,737, ?led on Feb. 22, 
2000; No. 60/188,872, ?led on Mar. 13, 2000; No. 60/216, 
265, ?led on Jul. 6, 2000; No. 60/220,085, ?led on Jul. 21, 
2000; No. 60/244,711, ?led on Oct. 30, 2000. This invention 
is also related to, titled MICROARRAY FABRICATION 
TECHNIQUES AND APPARATUS by inventors Shiping 
Chen, Yuling Luo, and Anthony C. Chen, ?led on even date 
hereWith. All of the above applications are incorporated by 
reference herein in their entireties as if fully set forth beloW. 

FIELD OF THE INVENTION 

The invention relates to mechanisms and methods used to 
form a microarray of multiple probes used to detect the 
presence of a target biological material or a target chemical. 

BACKGROUND 

Amicroarray is an array of spots of biological or chemical 
samples (“probes”) immobilized at prede?ned positions on 
a substrate. Each spot contains a number of molecules of a 
single biological or chemical material. To interrogate the 
array, the microarray is ?ooded With a ?uid containing one 
or more biological or chemical samples (the “target”), 
elements of Which typically interact With one or more 
complementary probes on the microarray. In DNA microar 
rays in particular, the probes are oligonucleotide or cDNA 
strains, and the target is a ?uorescent or radioactive-labeled 
DNA sample. The molecular strands in the target hybridiZe 
With complementary strands in the probe microarray. The 
hybridiZed microarray is inspected by a microarray reader, 
Which detects the presence of the radioactive labels or Which 
stimulates the ?uorescent labels to emit light through exci 
tation With a laser or other energy sources. The reader 
detects the position and strength of the label emission in the 
microarray. Since the probes are placed in predetermined 
and thus knoWn positions in the microarray, the presence and 
quantity of target sequences in the ?uid are identi?ed by the 
position at Which ?uorescence or radiation is detected and 
the strength of the ?uorescence or radiation. 

Microarray technology provides an extremely useful tool 
to conduct biological or chemical experiments in a massive 
parallel fashion because of the large number of different 
probes that one can fabricate onto the microarray. It is 
particularly poWerful in screening, pro?ling and identifying 
DNA samples. 

Microarrays today come as tWo-dimensional probe matri 
ces fabricated on solid glass or nylon substrates. Because the 
target samples are generally hard to produce or very 
expensive, it is highly desirable to perform assays on as 
many features as possible on a single microarray. This calls 
for a signi?cant increase in probe density and quantity on a 
single substrate. In general, microarrays With probe pitch 
smaller than 500 pm (i.e. density larger than 400 probes per 
sqr. centimeter) is referred as high density microarrays, 
otherWise, they are “loW density” microarrays. 

There are tWo microarray fabrication techniques on the 
market, photolithographic and robotic spotting techniques. 
The photolithographic technique [US Pat. Nos. 5,445,934, 
5 ,744,305 ] adapts the same fabrication process for electronic 
integrated circuits to synthesiZe probes in situ base by base. 
This technique requires a large capital outlay for equipment 
running up to hundreds of millions of dollars. The initial 
setup of neW microarray designs is also very expensive due 
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2 
to the high cost of producing photo masks. This technique is 
therefore only viable in mass production of standard 
microarrays at a very high volume. Even at high volumes, 
the complexity in synthesis still limits the production 
throughput resulting in a high microarray cost. This com 
plexity also limits the length of the synthesiZed DNA strain 
to the level of a short oligonucleotide (~25 bases), Which 
reduces the speci?city and sensitivity of hybridiZation in 
some applications. 

The established robotic spotting technique [US Pat. No. 
5,807,522] uses a specially designed mechanical robot, 
Which produces a probe spot on the microarray by dipping 
a pin head into a ?uid containing an off-line synthesiZed 
DNA and then spotting it onto the slide at a predetermined 
position. Washing and drying of the pins are required prior 
to the spotting of a different probe in the microarray. In 
current designs of such robotic systems, the spotting pin, 
and/or the stage carrying the microarray substrates move 
along the XYZ axes in coordination to deposit samples at 
controlled positions of the substrates. Because a microarray 
contains a very large number of different probes, this 
technique, although highly ?exible, is inherently very sloW. 
Even though the speed can be enhanced by employing 
multiple pin-heads and spotting multiple slides before 
Washing, production throughput remains very loW. This 
technique is therefore not suitable for high volume mass 
production of microarrays. 

In addition to the established quill-pin spotting 
technologies, there are a number of microarray fabrication 
techniques that are being developed. These include the inkjet 
technology and capillary spotting. 

Inkjet technology is being deployed to deposit either 
cDNA/oligonucleotides, or individual nucleotides at de?ned 
positions on a substrate to produce an oligonucleotide 
microarray through in situ synthesis. Consequently, an oli 
gonucleotide is produced in situ one base at a time by 
delivering monomer-containing solutions onto selected 
locations, reacting the monomer, rinsing the substrate to 
remove excess monomers, and drying the substrate to pre 
pare it for the next spot of monomer reactant. 

An emerging spotting technique uses capillaries instead of 
pins to spot DNA probes onto the support. Four references 
discuss capillary-based spotting techniques for array fabri 
cation: 

WO 98/29736, “Multiplexed molecular analysis appara 
tus and method”, by Genometrix Inc. 

WO 00/01859, “Gene pen devices for array printing”, by 
Orchid Biocomputer Inc. 

WO 00/13796, “Capillary printing system”, by Incyte 
Pharmaceuticals Inc. 

WO 99/55461, “RedraWn capillary imaging reservoir”, by 
Corning Inc. 

In summary, due to the high cost of production, microar 
rays fabricated With existing technologies are far too expen 
sive as a single use lab supply. 

SUMMARY OF THE INVENTION 

The invention provides a probe printing system having a 
print head composed of one or more bundles of randomly 
bundled or discretely bundled capillaries as described 
herein. A bundle of capillaries has a portion Where at least 
the proximal ends of the capillaries are immobiliZed in a 
planar matrix and a facet is formed for printing. The immo 
biliZed portion is preferably suf?ciently rigid that it may be 
used to print a probe microarray upon a substrate With 
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minimal or no deformation (deformation may result in 
portions of the microarray not being printed to the substrate). 
The immobilized portion is therefore suf?ciently rigid to 
ensure good contact With the substrate across the portion of 
the facet in contact With the substrate. The distal ends of the 
capillaries may be free or may be attached to reservoirs. The 
capillaries include, but are not limited to, ?ber optic or other 
light-conducting capillaries, through Which light as Well as 
?uid can be conveyed; and other ?exible or rigid capillaries. 
A capillary bundle in one embodiment of the invention 

has a plurality of individual capillaries having proximal and 
distal ends. The outer diameter of a capillary is typically less 
than about 300 micron, preferably the outer diameter is less 
than about 100 micron. Each of the capillaries of the bundle 
has a channel extending from the proximal end to the distal 
end of the capillary, and each of the capillaries has a 
channel-facing Wall. The channel diameter is preferably less 
than 100 micron. 

Abundle of individual capillaries is distinguished from a 
unitary structure in Which tubular preforms are fused to one 
another to form a large array of preforms and then stretched 
to form a unitary array of channels. 

The proximal ends of capillaries of a bundle may be 
secured to one another in a solid mass such that the proximal 
ends of the capillaries are substantially coplanar at a facet of 
the solid mass. Proximal ends are substantially coplanar 
When liquid ?oWing through the capillaries form spots on a 
?at surface of the substrate When the facet of the solid mass 
is either pressed against the surface or is in suf?cient 
proximity to the surface that droplets from the capillaries are 
deposited on the surface. Generally, proximal ends are 
substantially coplanar When all ends terminate Within about 
100 microns of one another. Preferably, proximal ends 
terminate Within about 50 microns of one another. More 
preferably, proximal ends terminate Within about 20 microns 
of one another. Even more preferably, proximal ends termi 
nate Within 5 microns of one another. 

Acapillary bundle may contain any number of capillaries. 
Preferably, the bundle contains at least about 1000, 5000, 
10,000, 50,000, 100,000, or 500,000 capillaries. A capillary 
bundle also preferably contains at least about 83, 416, 500, 
833, 1000, 4166, 5,000, 8333, 41,666, 10,000, 20,000, or 
40,000 capillaries per cm2 that print non-overlapping spots 
on a substrate. 

Capillaries of the bundle may individually have a Well 
formed at their distal ends. Such Wells may be formed by 
etching the proximal end of a silica capillary that has a 
region near the channel of the capillary that is doped 
compared to the region nearer the outer Wall. The facet of the 
solid mass may be coated With an electrically-conductive 
material to facilitate establishing a potential difference that 
moves probe molecules. Each of the capillaries may have a 
substantially uniform inner diameter from their distal ends to 
their proximal ends, and each of the capillaries preferably 
has substantially the same diameter. This assures a uniform 
?oW rate of ?uid through the capillaries, so that spot siZes 
are approximately equal and so that individual spots do not 
join together and mix. Preferably, the diameter along a 
capillary has no more than about 10%, more preferably no 
more than about 3% variation, and preferably the diameters 
of all of the capillaries are Within about 10%, more prefer 
ably about 3% of the mean diameter of the capillaries. 

The invention also provides methods of making capillary 
bundles, methods of correlating the myriad number of 
individual capillaries of a print head to the reservoirs to 
Which they are attached, and methods of printing microar 
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4 
rays using any of the printing systems, capillaries, and print 
heads further described herein. 
A capillary bundle may be formed by a number of 

different methods. In one method, individual capillaries are 
gathered together in no particular order and secured to one 
another to form a random bundle. In such a random bundle, 
the distal ends of the capillaries are grouped in a ?rst 
arrangement, the proximal ends of the capillaries are 
grouped in a second arrangement, and the ?rst arrangement 
is not identical to the second arrangement. Often, it is not 
possible to knoW Which distal end corresponds to Which 
proximal end in such a random bundle until the proximal 
ends and the distal ends are registered to one another. 

The proximal and distal ends of the capillaries may be 
registered to one another using any of a number of methods. 
If the capillaries are light-conducting capillaries, light may 
be launched into a distal end of each capillary and the 
position of light exiting the proximal end of the capillary is 
noted and recorded. Other methods include registering the 
position using a temperature change induced by an air or 
another ?uid ?oWing through the capillary or by visually 
observing eg an ink that passes through the capillary. 

In another method, individual capillaries are secured to 
one another to form an ordered bundle. In an ordered bundle, 
the correlation betWeen distal ends and proximal ends is 
knoWn at the time the ordered bundle is made. No registra 
tion of distal and proximal ends is necessary. In one method 
of making an ordered bundle, individual capillaries are 
inserted into a guide plate or a set of guide plates, and the 
capillaries at or near the proximal and/or distal ends or over 
most or all of the capillaries’ lengths are bonded together in 
a solid mass using, e.g., epoxy. The ends or capillaries may 
optionally be fused to form the solid mass. The guide plate 
or plates may be removed, since a sufficient portion of the 
capillaries are bonded or fused together in a solid mass at the 
point that the guide plates are removed. Removal of the 
guide plate forms a facet of the solid mass. 
A print head of the invention has a capillary bundle as 

described herein attached or secured to a frame that is 
adapted to hold the capillary bundle in a print system. Aprint 
head may alternatively have a frame that holds a plurality of 
capillary bundles. 
A print system has a print head and a plurality of reser 

voirs (such as those contained in a microtiter plate) in ?uid 
communication With distal ends of the capillary bundle of 
the print head. A print system may have a voltage source 
connected to an electrically-conductive material on a facet 
of the print head and to an electrically conductive material 
contacting the probe-containing liquid near the proximal 
ends of the capillaries. A voltage regulator may be used to 
regulate the voltage and thus the rate of deposition of probe 
molecules. 

Another print system of the invention may have a print 
head, a plurality of reservoirs, and a magnetic ?eld generator 
that is positioned sufficiently closely to the print head to 
move a magnetic probe-containing ?uid (such as a ?uid 
containing magnetic beads or paramagnetic beads having 
probes attached to their surfaces) through the capillaries of 
the bundle. 
A print system may have a ?exible mount on Which the 

substrate, the print head, or both are mounted. A ?exible 
mount permits the substrate and/or print head to move and 
align themselves to one another to provide for improved 
print quality. 

The print head of a print system may be con?gured so that 
it moves in only one direction (toWard and aWay from the 
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substrate on Which probes are to be printed, or in the 
Z-direction of an x-y-Z coordinate system), With the sub 
strates moving beneath the print head. Alternatively, the 
print head may be con?gured to move in all directions or to 
be stationary, With substrates being moved to the print head. 

The reservoirs of a print system of the invention prefer 
ably reside in ?xed positions, Whereas the print head of the 
print system is free to move. Consequently, the capillaries of 
the capillary bundle of the print system have suf?cient 
?exibility to alloW capillary movement Without requiring the 
reservoirs to also move. In addition, the reservoirs of a print 
system of the invention preferably reside in a regulated 
pressure chamber, Wherein change of pressure moves solu 
tion in or out of the capillaries. 

The invention provides a probe microarray comprising an 
arrangement of non-identical probes on a substrate in a 
honeycomb pattern, Wherein, at the same center-to-center 
pitch, the density of probes is higher than that in a chess 
board pattern. By “honeycomb” is meant a pattern of regular 
triangles and regular hexagons Wherein each spot is at the 
center of a regular hexagon formed by six neighboring spots 
of equal distance to the center. The substrate may be porous 
or nonporous. 

The invention further provides a probe microarray com 
prising a random arrangement of non-identical probes on a 
substrate. A random arrangement of non-identical probes is 
one in Which probes on a substrate may appear to be 
organiZed locally into columns and roWs or in a honeycomb 
pattern, but the probes do not have column and roW order or 
honeycomb pattern across the entire microarray as is found 
in an array that is fabricated on a substrate using photolitho 
graphic techniques or robotic spotting techniques. Further, 
the individual probes of a ?rst probe microarray having a 
random arrangement of non-identical probes printed using a 
?rst random bundle of capillaries Will have positions on the 
substrate that differ from the positions of the same individual 
probes of a second probe microarray printed using a second 
random bundle of capillaries. The spatial positions of the 
individual probes are determined by the order and spatial 
relationship of the individual capillaries of the random 
bundle, and the order and spatial relationship of the indi 
vidual capillaries in the bundle are random. Aprobe microar 
ray printed using a random bundle is one example of a probe 
microarray made by placing non-identical probes on a 
substrate in a random pattern. 

The probes are printed on print surface of the substrate, 
and the number of probes per unit area of the print surface 
is the print density. The print surface is that area of the 
substrate on Which the individual probes are printed, plus the 
surface area betWeen the individual probes. If there are tWo 
or more groupings of a substantial number of probes on 
surface of the substrate separated by surface area in Which 
feW or no probes are printed, the print surface includes the 
surface area betWeen probes of a group but not the surface 
area of the substrate betWeen groupings. Preferably, the print 
density is high so that a large number of probes can ?t on a 
substrate. Preferably, the print density is at least about 200, 
500, 1,000, 5,000, 10,000, 20,000, or 40,000 probes per cm2. 

The probes of the probe microarray may be oligonucle 
otides (the term “oligonucleotides” as used herein also 
includes polynucleotides, especially polynucleotides having 
more than about 40 bases), or the probes may be proteins, 
cells, or chemical compounds. A microarray may contain 
any number of probes, and preferably the number of probes 
in the microarray is at least about 1,000, 5,000, 10,000, 
50,000, 100,000, or 500,000. A probe microarray may be 
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6 
formed by attaching any of the probes discussed above 
individually to beads, Which beads are af?xed to the sub 
strate: covalently; non-covalently through e.g. ionic, polar, 
or Van der Waals forces or conformational interaction of 
binding moieties attached to the beads and substrate (such as 
biotin-avidin or biotin-streptavidin); magnetically; or any 
other method for attaching beads to a substrate. 
One method of the invention forms a probe microarray on 

a substrate. This method comprises the acts of: providing a 
print head having a bundle of individual capillaries; passing 
non-identical probe-containing liquids through a number of 
the capillaries simultaneously; and printing the non-identical 
probe-containing liquids onto the substrate to form the probe 
microarray. The probe-containing liquids may contain the 
probes in a suitable liquid carrier, or the probe-containing 
liquids may contain probes attached to eg beads such as 
magnetic beads that are deposited onto the substrate using a 
magnetic ?eld to move the beads through the capillaries. 
The individual capillaries of the bundle may be light 

conducting capillaries. For instance, a light-conducting cap 
illary is formed of a transparent material and has a properly 
designed refractive index pro?le across its cross section so 
that the capillary transports light from the distal end to the 
proximal end of the capillary. The capillary can therefore 
conduct light and ?uid individually or simultaneously. 

In one embodiment of the invention, a light-conducting 
capillary has a ?rst portion having a ?rst refractive index and 
a second portion having a second refractive index Whose 
value is greater than the ?rst refractive index Wherein said 
second portion is inside the ?rst portion. The light 
conducting capillary further has a proximal end, a distal end, 
an axis, an inner Wall de?ning a channel through the 
capillary, and an outer Wall. The inner Wall extends coaxially 
With the axis of the capillary, and the outer Wall also extends 
coaxially With the axis of the capillary. The ?rst portion and 
the second portion are con?gured such that a light beam 
launched into the proximal end is transmitted along the 
capillary and exits the capillary at the distal end. The channel 
of the capillary has a cross-sectional area that is suf?ciently 
large that a ?uid entering the channel at the proximal end of 
the capillary discharges at the distal end of the capillary. In 
one instance, a light-conducting capillary is formed by 
selecting a liquid carrier Which has a refractive index that is 
suf?ciently high compared to the refractive index of the 
capillary that the liquid acts as a light-conductive core and 
the capillary acts as cladding. Preferably, a light-conducting 
capillary is an optical ?ber capillary, in Which the capillary 
itself is con?gured to be light-conducting by providing a 
region of high refractive index along the length of the 
capillary that is bounded by regions of loWer refractive 
index. The optical ?ber capillary may be formed of doped 
silica, for instance. The cross-sectional area and outer diam 
eter of the capillary is such that at least about 1000, 10,000, 
100,000, or 500,000 non-overlapping spots of liquid may be 
deposited in an area of 12 cm2 on a substrate by bundling 
capillaries together. Abundle of light-conducting capillaries 
may be formed, and the bundle may be utiliZed as part of a 
print-head or printing system as described herein. 
A capillary as used in a print head of the invention 

typically has a large ratio of length to outer diameter. The 
length of a capillary can be at least about 20 cm, and 
preferably at least about 100 cm. A capillary as used in the 
invention typically has an outer diameter less than 200 
micron and preferably less than 100 micron. Consequently, 
the ratio of length to outer diameter ranges can be the ratio 
of any of these values, and typically the ratio of length to 
outer diameter is greater than 500, 4000, 10,000, or 30,000. 
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Thus, this invention features a unique carrier that simul 
taneously conduct light and transport minute quantity of 
material. The light can be used to carry information and/or 
energy. Individual carriers may be used as medical devices 
(e.g., for observing and treating diseased tissues or organs) 
or industrial devices (e.g., for inspecting and treating cracks 
or leaks). Aplurality of a carrier can be bundled together to 
provide massive parallel capability in handling multiple 
samples and multiple information channels. 

Light may be conducted through light-conducting capil 
laries of a print head before depositing probes or during 
probe deposition to eg prepare a light-sensitive area to 
receive the probes. Light may be conducted through the 
light-conducting capillaries of a print head during probe 
deposition to measure the distance betWeen the capillary 
facet and the substrate and to detect in real time Whether the 
probe ?uid contacts the substrate surface. Light may be 
conducted through the capillaries after depositing probes as 
a quality control measure to determine if probes have been 
deposited, especially Where some of the molecules of each 
probe incorporate a tag that ?uoresces When illuminated 
With light of the appropriate Wavelength. Preferably, the 
facet of the print head used to print the random probe 
microarray has at least about 83, 416, 833, 4166, 8333, or 
41,666 capillaries per square centimeter. An electric poten 
tial may optionally be applied across the capillaries to move 
the probes in the probe-containing liquids through the cap 
illaries. A probe microarray of the invention can be formed 
using any of the methods speci?ed above. 
A probe microarray of this invention may also comprise 

a substrate that is coated With a layer of light sensitive 
material, and a plurality of probes (i.e. spots of probe 
molecules) on a surface of the substrate. A light sensitive 
material may be hydrophobic but turn hydrophilic upon 
eXposure to light of the appropriate Wavelength. Probes can 
be more easily positioned on a portion of the substrate that 
is hydrophilic if the liquid in Which probe molecules are 
carried is polar (eg Water). 

The invention also provides a method of using the probe 
microarrays discussed herein. The method includes contact 
ing a probe microarray With a liquid Which contains target 
components for a suf?cient period of time to alloW target 
components in the liquid to associate With complementary 
probes of the probe microarray, if any, to form target-probe 
complexes, and determining the positions of the target-probe 
complexes in the microarray. The positions may be corre 
lated With a probe identity or With a target identity using, 
e.g., a softWare ?le or dedicated memory such as read-only 
memory that contains data on the probe and/or target iden 
tities as a function of probe position on the substrate. 

In addition, the invention provides systems and methods 
of printing microarrays, even When the substrate and print 
head are not perfectly aligned and Would otherWise not print 
a complete microarray of probes that the print head is 
capable of printing. 

The invention further provides quality control instruments 
and methods for inspecting microarrays after their forma 
tion. 

In one method of detecting the unintentional absence of 
probes from a probe microarray or the unintentional over 
lapping of adjacent probes, or mis-siZing of probe spots on 
the array, the method comprises positioning a microarray 
beneath a light detector and shining light on a probe 
containing surface of the microarray at an angle to the 
microarray. The angle is suf?cient to re?ect light from the 
probe-containing surface in a ?rst area of the surface that 
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contains no probes. The angle is also suf?cient to scatter 
light to the detector in a second area of the surface that 
contains probes. A light pattern array formed by scattering 
the light to the detector is detected, and the light pattern 
array is compared to an eXpected pattern array to determine 
if the light pattern array matches the eXpected pattern array. 

In another method of detecting the unintentional absence 
of probes from a probe microarray or the unintentional 
overlapping of adjacent probes, or the mis-siZing of probe 
spots on the array, the method comprises positioning a 
microarray beneath a light detector and shining light on a 
surface of the microarray at an angle suf?cient to cause total 
internal re?ection of the light Within the microarray. A light 
pattern array is formed by detecting the light refracting from 
Within the microarray at a probe-containing area of the 
microarray and comparing the light pattern array to an 
eXpected pattern array to determine if the light pattern array 
matches the eXpected pattern array. 
The invention also provides quality control instruments. 

One instrument detects the unintentional absence of probes 
from a probe microarray or the unintentional overlapping of 
adjacent probes, or the mis-siZing of probe spots on the 
array. This quality control instrument has a light detector and 
a light source con?gured to shine light onto a probe 
containing surface of the microarray at a ?rst angle to the 
microarray. The light contacting a ?rst set of areas of the 
probe-containing surface that contain no probes re?ects 
aWay from the light detector. The light contacting a second 
set of probe-containing areas of the probe-containing surface 
is scattered suf?ciently that the detector detects the presence 
of the light at the second set of areas. A microprocessor 
receives data signals from the light detector, Which data 
signals correspond to a light pattern array formed by the 
light scattered from said probe-containing areas of the 
microarray. The microprocessor is con?gured to compare 
the data signals corresponding to the light pattern array to 
data corresponding to an eXpected pattern array to determine 
if the light pattern array matches the eXpected pattern array. 

Another quality control instrument of the invention also 
detects the unintentional absence of probes from a probe 
microarray or the unintentional overlapping of adjacent 
probes, or the mis-siZing of probe spots on the array. This 
quality control instrument has a light detector and a light 
source con?gured to shine light onto a surface of a microar 
ray placed beneath the light detector. The light shines at an 
angle sufficient to cause total internal re?ection of the light 
Within the microarray. A microprocessor receives data sig 
nals from the light detector, Which data signals correspond 
to a light pattern array formed by the light refracting from 
Within the microarray at probe-containing areas of the 
microarray. The microprocessor is con?gured to compare 
the data signals corresponding to the light pattern array to 
data corresponding to an eXpected pattern array to determine 
if the light pattern array matches the eXpected pattern array. 
A preferred arrayer based on the invention is simple and 

loW cost and capable of producing one high-density (doWn 
to 10 pm probe pitch), large scale (500,000 or more probes 
per slide) microarray in a single stamping action. The 
production throughput for a single arrayer can be as high as 
5, 10 or 20 slides per second. Such a throughput gives it 
advantage in production of high volume and standard 
microarray products. In addition, it has great ?exibility for 
custom microarrays as the entire or part of the capillaries in 
the stamp can be quickly Washed clean and reused for 
different probe samples. 
The invention thus provides a number of systems, 

components, means, and methods for producing probe 
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microarrays as are more fully described below. This Sum 
mary section of the disclosure provides a summary of some 
salient points of the invention, but this section is not to be 
interpreted as limiting the scope of the invention to only 
those features and embodiments discussed in this section. 
Instead, the invention involves all components, systems, and 
methods discussed in this and the following sections in 
addition to those de?ned by the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of one embodiment of a 
microarray fabrication system. 

FIG. 2 illustrates a print-head containing the immobiliZed 
portion of tWenty-one capillary bundles. 

FIG. 3 illustrates a random capillary bundle linked to a 
frame that has suction portions that dip into the Wells of a 
standard microtiter plate. 

FIG. 4 illustrates equipment for and a method of using 
light to register the proximal and distal ends of capillaries in 
a random bundle. 

FIG. 5 illustrates one method of identifying the position 
of a proximal end of a capillary in the immobiliZed portion 
of the bundle. 

FIG. 6 illustrates steps in fabricating a capillary bundle 
using a guide plate that is removed to form the ?nished 
bundle. 

FIG. 7 illustrates tWo methods of controlling ?oW rate of 
probe-containing solution through capillaries, i.e. the use of 
pressuriZed gas, and the use of voltage. 

FIG. 8 illustrates probe deposition by mechanical tapping. 
FIG. 9 illustrates a spring-mounted substrate holder that 

provides improved alignment betWeen substrate and print 
head. 

FIG. 10 illustrates probe deposition by electrostatic print 
ing. 

FIG. 11 illustrates equipment for and a method for 
inspecting a microarray using light-scattering. 

FIG. 12 illustrates equipment for and a method for 
inspecting a microarray using total internal re?ection of light 
Within the substrate. 

FIG. 13 illustrates tWo ordered spot patterns that can be 
formed When individual ?bers are used to form a print head 
using a guide plate. 

FIG. 14 illustrates hoW a ?uid transfer device composed 
of multiple capillary bundles can be con?gured to draW 
liquid from multiple microtiter plates having Wells of large 
capacity and place that liquid in small reservoirs contained 
in a single microtiter plate. 

FIG. 15 illustrates a honeycomb pattern of probes that can 
be formed by a print head made using a guide plate having 
holes in a honeycomb pattern. 

FIG. 16 illustrates a random pattern of probes Which can 
form When printed using a random-bundle print head. 

FIG. 17 depicts a print system suitable for depositing 
probes immobiliZed on a magnetic support onto a substrate. 

FIG. 18 illustrates a print system having a collar or 
support that contacts the substrate or structure around the 
substrate and is suf?ciently long to prevent the print head 
from contacting the substrate. At the same time, it is not so 
high that it prevents droplets from the capillaries from 
contacting the substrate surface. 

FIG. 19 illustrates an alternative printing arrangement 
Where the facet of the print head is ?at but there is a riser at 
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the edge of, or around, the substrate that is suf?ciently high 
to prevent the print head from directly contacting the sub 
strate. At the same time, it is not so high that it prevents 
droplets from the capillaries from contacting the substrate 
surface. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In the description beloW, a DNA microarray is used as one 
embodiment of the invention. The techniques described 
herein can also be used to produce microarrays of a Wide 
range of biological and chemical probe materials Which 
include but are not limited to deoxyribonucleic acids 
(DNA), ribonucleic acids (RNA), synthetic 
oligonucleotides, antibodies, cells, tissue, proteins, peptides, 
lectins, modi?ed polysaccharides, synthetic composite 
macromolecules, functionaliZed nanostructures, synthetic 
polymers, modi?ed/blocked nucleotides/nucleosides, 
modi?ed/blocked amino acids, ?uorophores, chromophores, 
ligands, chelates, haptens, drug compounds, and chemical 
compounds that have associated substance Which binds, 
associates, or interacts With the probe material. The samples 
being deposited on the microarray substrate using the tech 
nology disclosed herein can take or be carried by any 
physical form that can be transported through a capillary. 
These include but are not limited to aqueous or non-aqueous 
?uid, gel, paste, bead, poWder and particles suspended in 
aqueous or non-aqueous liquid. 

The substrate may be formed of any material on Which the 
probes can be deposited. The substrate itself may be capable 
of immobiliZing the particular probes used, or the substrate 
may be capable of modi?cation (for example, by coating) so 
that it is capable of such immobiliZation. The substrate may 
be porous or nonporous materials. Preferred materials for the 
substrate of the present invention include silica, glass, 
metals, plastics, and polymers. 

For immobiliZing polynucleotides and polypeptides, glass 
is a preferred material because polynucleotides and polypep 
tides can be covalently attached to a treated glass surface and 
glass gives out minimal ?uorescent noise signal. The glass 
may be layered on another material, or it may be core or base 
material of the apparatus, or both. Another example of a 
substrate includes a plastic or polymer tape as a base 
substrate, With a coating of silica for probe embodiment. In 
this embodiment, a further layer of metallic material may be 
added, either on the opposite side of the tape from the silica 
layer, or sandWiched betWeen the silica layer and the poly 
mer or plastic. 

Amicroarray fabrication system based on this invention is 
illustrated schematically in FIG. 1. The heart of the system 
100 is a print-head 101 comprising a large number of 
?exible capillaries 102. Each capillary in the print-head is 
?uidly linked to a reservoir 103 containing a speci?c DNA 
sample. The reservoirs may take the form of ?uid Wells in 
standard microtiter plates 104. Probes are delivered to the 
print-head via the capillaries and the entire set of probes can 
be deposited on to the substrate 110 in a single printing 
action. There is an inspection system 120 to inspect the 
quality of the fabricated microarrays online or off-line. 

In the invented system shoWn in FIG. 1, multiple microar 
ray substrates are carried on a translation stage, Which 
moves in a single axis in a stepping fashion to align a blank 
substrate under the print head. The translation stage can be 
a rotation stage or a conveyor belt based system equipped 
With substrate loading and unloading stations. In this Way, 
blank substrates can be fed to a print position beneath the 
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print head in a continuous fashion. The print head can 
deposit an entire set of probes by moving only a very short 
distance (<1 mm) in one axis (up and doWn in the Z axis). 
Or the print head may not have to move at all if electric or 
magnetic induced deposition methods are used, Which are 
described beloW. As a result, microarray manufacturing can 
be carried out in a continuous fashion at a very high 
throughput. 

In robotic pin deposition methods and other deposition 
methods in Which probes may be placed on a substrate, the 
print head moves in the X and y axes as Well as the Z axis. 
The pins travel a long distance, in the order of a meter, and 
thus such conventional deposition methods require a sub 
stantial period of time to fabricate an array on a substrate. A 
print system of the invention can thus be con?gured to travel 
a short distance and require little time to print a microarray. 

The probe reservoirs in the system can be positioned 
above the print head and substrates, as shoWn in FIG. 1. The 
print head deposits the probe doWn to the upper surface of 
the substrate. The advantage of such an arrangement is that, 
after priming, the ?uid ?oW inside the capillaries can be 
driven by the gravity, Which is very stable and uniform 
among capillaries and can be precisely controlled by adjust 
ing the height of the reservoirs. An alternative arrangement 
is to place the reservoirs beloW the print head. The print head 
moves up to deposit probes on substrates, Which are held 
“face-down” on the stage. In this con?guration, the capil 
laries are short and relatively straight. The probe-containing 
?uid can be moved to the substrate by pressuriZing the 
reservoirs, for instance. 

The basic elements of the technology of this invention 
include methods and apparatus for print-head, ?uid delivery, 
probe deposition and inspection. The details of these tech 
nological elements are discussed in the folloWing sections. 
1. Print-Head 
The print-head receives probe ?uids from their individual 

reservoirs and deposits them in small volumes onto the 
microarray substrate at each printing action. A print-head is 
a solidi?ed piece of eg polymer such as a thermo-setting or 
other polymer (for example, an epoxy polymer) that sur 
rounds the proximal ends of the capillaries, and its facet or 
face that contacts the substrate is fabricated to conform to 
the surface contour of the microarray substrate in order to 
facilitate uniformed probe deposition. 

The print-head is solid or has suf?cient ?exibility to 
conform to the substrate surface on Which a micro-array is 
to be printed. The print-head 200 may contain a single 
capillary bundle or, as shoWn in FIG. 2, multiple capillary 
bundles 201, 202, 203, 204, . . . , 221. In the multiple bundle 
con?guration, it is preferred that the outline shape of each 
bundle is rectangular or square so that the capillary bundles 
can easily be assembled to form a structured matrix in a 
rectangular print-head 200 (although other shapes are 
possible). In this Way, 1) the print head can be con?gured to 
print on most or all of the surface area of a standard 
microscope slide; 2) the position and orientation of each 
bundle in the system is knoWn; and 3) it is easier to identify 
each capillary in a bundle. Alternatively, the outline shape of 
each bundle could be round or in other shapes. 

Capillaries used in the system can be made of silica or 
other suitable materials such as glass, ceramics, polymer or 
metal. The capillaries conduct the probes of interest from the 
distal ends of the capillaries to the proximal ends of the 
capillaries, and thus capillaries that are bundled to form a 
print head are manufactured from a material that does not 
remove a substantial number of probe molecules from their 
carrier liquid and attach the molecules to the Walls or to 
another material positioned Within the capillaries. 
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The capillary bundle is assembled from a large number of 

individual, ready-made capillaries. Capillaries are bundled 
together, solidi?ed into a single mass or block at their 
proximal ends using an adhesive or by fusing the capillary 
Walls at the proximal ends of the capillaries together, and 
eventually assembled into the print-head While the distal 
ends of capillaries are left loose or attached to reservoirs or 
a plate that dips into a set of reservoirs. 
The proximal ends of the capillaries may be solidi?ed 

together using a cement or epoxy that forms a rigid block, 
or the proximal ends may be solidi?ed together using a 
polymer that is someWhat ?exible, so that the surface 
conforms to the substrate When pressed against it to provide 
better printing in the event that the printing face or facet of 
the block is not perfectly parallel to the surface of the 
substrate to be printed. The printing face may optionally be 
polished to provide a very ?at surface, so that the proximal 
ends of the capillaries terminate Within 100 micron of each 
other, for instance. That is, if the printing face is held above 
and parallel to a plane and separated by a nominal distance 
Z, the difference betWeen the shortest distance that a proxi 
mal end in the facet terminates from the plane and the 
greatest distance that a proximal end in the facet terminates 
from the plane is no more than about eg 100 micron. 
Preferably, the difference in termination distances is no more 
than about 50 micron, more preferably no more than about 
20 micron, and more preferably no more than about 5 
micron. The trimmed block has suf?cient rigidity to assure 
its facet remains parallel to the substrate during printing. 

In one embodiment of the invention, the solid mass 
contains no more than about 10 cm of the lengths of the 
capillaries (and thus the printhead in this embodiment is no 
more than about 10 cm thick), and the loose or free ends of 
the capillaries are from about 1 to about 3 meters in length. 
Consequently, the ratio of length of loose capillary to 
thickness of solid mass is preferably at least about 10 and 
more preferably at least about 30. The solid mass may be 
about 2 cm thick or thinner, and in this instance the ratio of 
length of loose capillary to thickness of solid mass is 
preferably at least about 50 and more preferably at least 
about 150. The solid mass needs only to be suf?ciently thick 
that the print head, alone or in combination With a frame that 
forms part of the print system, is suf?ciently rigid that the 
solid mass does not deform appreciably under printing 
conditions, so that a microarray is formed When probes are 
printed onto a substrate. The loose ends of the capillaries are 
suf?ciently long to be in ?uid communication With the 
reservoirs or With outlet pipes connected to the reservoirs. 
Preferably, the loose ends are also sufficiently long that the 
loose portions of the capillaries accommodate any up-and 
doWn movement of the print head With little stress to the 
capillaries, so that the capillaries do not crack or break 
during use. 

In another embodiment of the invention as illustrated in 
FIG. 18, the print head 1800 is equipped With a supporting 
bracket or collar 1802 that prevents the facet 1804 of the 
print head from contacting the substrate 1806 held on 
substrate support 1808. The facet, especially any functional 
coating on the surface (such as a coating of an electrically 
conductive material), may be damaged after repeated con 
tact With the substrate. Consequently, the supporting bracket 
helps to prolong the life of the printhead. The vertical 
distance d illustrated in FIG. 18 betWeen the edge of the 
collar 1810 and the facet 1804 is selected so that the 
printhead does not contact the substrate but is still suf? 
ciently close to deposit droplets 1812 of probe-containing 
?uids 1814 onto the substrate. The collar need not be a solid 
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piece of cylindrically-shaped material as illustrated. The 
collar may consist of a frame that attaches to the print head 
and has feet or shafts that protrude to prevent the facet from 
contacting the substrate, for instance. 

Alternatively, as shoWn in FIG. 19, the facet 1902 of print 
head 1900 can be ?at and a riser 1904 may be placed on the 
outer region of the substrate 1906 to prevent the printhead 
from contacting the substrate While still depositing droplets 
1908 of probe-containing ?uids. Further, this same effect can 
be achieved by positioning a collar of suitable dimensions 
around the substrate. The collar can be rigid, or alternatively 
the collar may contain a cushioning portion formed from a 
polymer or felt, for instance, upon Which edges of the facet 
press When the facet is moved toWard the substrate. The 
cushioning portion is positioned so that the facet does not 
contact the substrate, even though the cushioning material is 
compressed and the print head is printing the microarray on 
the substrate. The cushioning portion provides a “softer” 
portion upon Which the facet lands, helping to prevent the 
facet from being damaged. 

Each capillary can be ?uidly linked to a probe reservoir, 
Which may be the Well in a standard microtiter plate. The 
linkage can be made permanent by gluing the capillary to a 
hole at the bottom of a microplate Well. Alternatively, as 
shoWn in FIG. 3, the capillaries 301 can be permanently 
?xed to a frame 302, Which holds the positions of capillary 
tips 303 in a grid, Which has the same spatial pattern and 
pitch as a standard microplate 304. Then the frame can be 
locked on to a standard microplate to establish the ?uid 
linkage for each capillary. In this Way, the microplate after 
fabrication can be taken off the arrayer for long-term stor 
age. It is also possible to Wash the capillaries after the 
fabrication of a particular microarray, then install a neW set 
of microplates to make a different microarray. 

FolloWing is a description of tWo different methods for 
making the assembled capillary bundle. These are the “tight 
pack” and “guide-plate” methods, respectively. 
1.1 Tight-Pack Method 

In the tight-pack method, a large number of hair-thin, 
?exible capillaries are tightly packed in random order into a 
bundle at the proximal ends of the capillaries, in Which the 
outer surface of a capillary is in direct contact With that of 
adjacent capillaries. In a tight packing of random capillaries, 
the capillaries take up positions in reference to each other. 
The local spatial pattern may be regular, eg the centers of 
every three adjacent spots may form an equilateral triangle, 
and six spots surrounding any spot may form a hexagon. 
HoWever, minute misalignment in the random bundle of 
capillaries soon accumulates and results in distortion of the 
global alignment of the spots as illustrated in FIG. 2 and 
FIG. 16. As the number of spots increases, the distortion is 
ampli?ed. The global spatial pattern becomes random. 

HoWever, although such a bundle may be used to print a 
probe microarray at high density, the microarray is useless 
for printing because the association betWeen a capillary facet 
in the bundle and the ?uid reservoir that it linked to, thus the 
probe identity, is lost. Capillaries randomly packed to form 
a capillary bundle can be made suitable for microarray 
printing by re-establishing the one-to-one association of 
each capillary betWeen the proximal and distal end of the 
bundle after the bundle has been made. 

There are a number of Ways to re-establish the capillary 
association in a tightly packed bundle. These are: 

1) Use a type of capillary that is not only capable of 
transporting ?uid through the capillary, but is also 
capable of transmitting light like an optical ?ber. 
Capillary-reservoir association can then be 
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re-established by launching light into each capillary 
from the reservoir end and observing the position of the 
exiting light at the bundle end, using an imaging device 
as shoWn in FIG. 4. This imaging device can be either 
a CCD based digital microscope or a scanning micro 
scope. Light guiding capillaries can be produced by 
creating an inner region in the capillary, in Which the 
optical refractive index is higher than the outer region 
around it. Such a region Will be able to trap the light 
inside it and guide the light all the Way through the 
capillary. 

This light trapping region inside capillary can be created 
in many different Ways. A ?rst method is to coat the outer 
surface of a silica capillary With a polymer With loWer 
refractive index. A second method is to ?ll a silica capillary 
using a transparent ?uid With a higher refractive index than 
that of the capillary to create a temporary ?uid core capable 
of transmitting light through the capillary. A third, also 
preferred, method is to draW the capillary out of a preform. 
Such a preform can be made by folloWing the modi?ed 
chemical vapor deposition (MCVD) procedure Widely used 
in the optical ?ber industry for optical ?ber perform 
fabrication, then draWing the preform Without collapsing the 
central cavity at the ?nal step. Alternatively, this preform can 
also be made by drilling a hole of suitable siZe through the 
axis of a multimode optical ?ber preform or depositing a 
layer of ?uoride doped silica outside a suitable pure silica 
tube. Since ?uoride doping loWers the refractive index of 
pure silica, it forms a cladding to help trapping light inside 
the pure silica region around the central cavity. 

2) BloW air into the capillaries one by one from the distal 
end and use a micro-?oW detection device at the bundle 
proximal end to locate the outlet of the air ?oW. The 
position coordinate of the capillary facet is registered 
among other capillaries in the bundle. Amicro siZed hot 
Wire or temperature probe can be used for the ?oW 
detection because the air current caused by air exiting 
the capillary alters the thermal balance at the probe. 

3) Fill capillaries With ink from the distal end and observe 
Where the ink exits the proximal end at the bundle facet 
using an imaging microscope and register its position. 
Capillaries can be ?lled one at a time or several at a 

time using ink of different colors. 
4) Use metal capillaries insulated from one another by eg 

a dielectric such as a silica coating, or form dielectric 
capillaries With a metal layer and dielectric coating 
over the metal layer. The capillary-reservoir association 
can be established by placing a voltage on the distal or 
proximal end of the capillary and sensing the voltage 
on the proximal or distal end of the capillary, 
respectively, and determining the position of the cap 
illary relative to the other capillaries. 

The invention also provides tWo Ways to automatically 
register the identity of a speci?c capillary in a bundle formed 
using any of the four methods described above. Capillary 
position may be registered by Way of an absolute coordinate 
system, or capillary position may be registered to an image 
of the facet face. 
1) Absolute Coordinates 

Referring to FIG. 5, an XY coordinate system, 501 for 
example, can be established With reference to the edges of 
the bundle, and the identity of each capillary 502a, 502b, etc. 
can be registered by the system through its unique coordi 
nates in the coordinate system. In this instance, the coordi 
nates represent a mathematical vector that can be draWn 
from the origin of the coordinate system to the capillaries. 
The coordinates can be recorded in a database or otherWise 


















